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Abstract
Recent research from our laboratory has been directed at understanding the range of capabilities for adaptive control of eye
movements in normal human subjects. For smooth pursuit, different motor responses to the same sensory stimulus (horizontal
target motion) can be learned, stored and gated in or out, according to context (vertical eye position). The dynamic properties of
the ‘open-loop’ portion of horizontal, disparity-driven vergence eye movements are under adaptive control. Eye torsion is also
subject to adaptive control, including torsional ‘phoria adaptation’ and cross-coupling of torsion into the horizontal vestibulo-oc-
ular reflex (VOR). Finally, lesions of the oculomotor vermis in monkeys produce disordered binocular ocular motor function:
‘esodeviations’ in the absence of disparity cues, and decreased adaptation of the horizontal phoria to a sustained disparity induced
by wearing a horizontal prism in front of one eye. © 2001 Elsevier Science Ltd. All rights reserved.
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predicts an adaptive capability for calibrating the open-
loop, preprogrammed portion of the pursuit response,
in a similar way to the adaptive mechanisms that
monitor other open-loop behaviors such as the accu-
racy of saccades and the vestibulo-ocular reflex (VOR)
as well as of the open-loop portion of vergence eye
movements. The ‘open-loop’ control of static eye align-
ment, e.g. eye alignment in the absence of disparity
cues, also requires a means for adaptive calibration.
Another important aspect of adaptive control is the
influence of context, in which more than one possible
learned response can be generated depending upon the
particular set of circumstances. Finally, adaptive con-
trol of the orientation of the eye around its line of sight
is particularly interesting because the visual conse-
quences of changes in eye torsion are different from
those of abnormalities in the control of horizontal or
vertical eye position which are more closely related to
foveal function. Here we will present recent research
results from our laboratory that are germane to these
various concepts about ocular motor adaptation.
1. Introduction
An understanding of the mechanisms by which the
brain compensates for disease is critical to accurate
clinical diagnosis and effective rehabilitative treatment.
The study of the capabilities for adaptive control of eye
movements is one way to understand better how this
compensation takes place. One aspect of this capability
is how the brain optimizes the ‘open-loop’ components
of the responses of visual tracking systems that are
under continuous feedback control such as smooth
pursuit and vergence. For pursuit, because of inherent
delays in visual and central processing, whenever a
target of interest changes its speed or direction, there
will be a period of tracking that must be performed
without the benefit of visual feedback. This ‘drawback’
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2. Methods
2.1. Human subject experiments: pursuit and ergence
adaptation
For the studies of pursuit and vergence in human
subjects, eye movements were recorded with an infrared
limbus tracker (details in Takagi et al., 2000). For the
pursuit experiments the visual target was a white
square, subtending a visual angle of 0.2×0.2°, and was
presented on a video monitor located 60 cm in front of
the subject. The room was dark except for the target
light. The initial target velocity was 15.6 or 23.3°/s and
then the target speed was halved or doubled about 230
ms after the onset of target motion (within the ‘open-
loop’ period) just when the subject began tracking. This
stimulus is analogous to the double-step of target posi-
tion used to elicit adaptation of the amplitude of
saccades.
For the vergence adaptation experiments, disparity
stimuli were presented on a head-mounted display with
two LCD panels (viewing angle 30°×22°). The visual
target was a black cross (0.63°×1.2°), surrounded by a
bright rectangle (0.84°×1.6°) and was presented
against a dark background. The initial effective target
distance to induce convergence was from 2 to 1 m and
the second step was either to 0.7 m (step closer, increas-
ing paradigm) or to 1.4 m (step farther, decreasing
paradigm). The total range of vergence angles for these
distances was about 3.4°. About 250 training trials were
used, taking about 30 min.
2.2. Human subject experiments: cyclophoria adaptation
For the cyclophoria adaptation experiments, eye
movements were recorded using the scleral search coil
technique and details are provided in Taylor, Roberts
and Zee (2000).
2.3. Human subject experiments: cross-axis adaptation
of the estibulo-ocular reflex (VOR)
For the vestibular cross-coupling experiments, eye
movements were also recorded with the magnetic field
search coil technique. The VOR was tested in the dark
with a rotary chair that allowed sinusoidal rotations of
the body (amplitude 10°, frequency 0.33 Hz, peak
velocity, 21°/s). Visual stimuli were presented with a
head-mounted display with a visual field of 48° (hori-
zontal)×36° (vertical). The image was a square grid,
with its lines 0.45° in width and separated by 8.6°. The
center of the image was marked by a dot (diameter
1.6°). Image motion was always relative to the head.
Left rotation of the head was combined with: (1) pure
clockwise rotation of the image (−R condition); (2)
right movement and clockwise rotation of the image
(Y–R condition); (3) right and upward movement and
clockwise rotation of the image (YP–R condition); and
(4) upward and rightward movement of the image (YP
condition). The minus sign in the name of the stimulus
refers to the phase between the horizontal and torsional
motion of the stimulus. Any motion of the image
(defined in head-fixed coordinates) in the yaw plane (Y
condition) was always equal and opposite to the head
and therefore called for no change in the gain of the
horizontal VOR (all circumstances except −R condi-
tion). The amplitude of horizontal, vertical and tor-
sional movement of the image was 10°. Each of these
combinations was presented for 45 min to 1 h. Eye
movements were analyzed using rotation vectors and
then differentiated to produce the different components
of the angular velocity vector.
For all human experiments each subject gave in-
formed consent and the research followed the tenets of
the Declaration of Helsinki (1964) and was approved
by the institutional human experimentation committee.
2.4. Animal experiments: effect of ermis lesions on eye
alignment and phoria adaptation
For the monkey experiments, movements of both
eyes were recorded with the scleral search coil tech-
niques (technical details in Takagi, Zee, & Tamargo,
1998, 2000). All surgical and experimental protocols
were approved by The Johns Hopkins University com-
mittee on animal experimentation, and all aspects of
their care complied with the guidelines for veterinary
care of The Johns Hopkins School of Medicine and of
the National Institutes of Health Guide for the Care
and Use of Animals including the appropriate use of
analgesia after surgical procedures.
To induce phoria adaptation, animals wore a 10
base out, Fresnel, paste-on displacing prism. The prism
adhered to a translucent piece of plexiglass attached to
the monkey’s head holder and was so positioned to
cover the entire visual field of one eye. During binocu-
lar viewing this prism called for convergence of about
6°. Before wearing the prism, eye alignment under
binocular viewing and monocular viewing was mea-
sured. The phoria was measured when the monkey
fixed upon the straight-ahead target with one eye view-
ing. After the prism was placed, eye alignment was
again measured with both eyes viewing to confirm that
the prism had the desired effect on ocular alignment.
Monkeys were then relieved of their head restraint but
kept in their primate chair so they could look around
the room (all lights were turned on) for 30 min with
both eyes viewing while wearing the prism. The ani-
mal’s head was briefly restrained and the phoria mea-
sured three times, at 10-min intervals (10, 20, and 30
min) with the eye wearing the prism occluded. It took 1
min to make these measures (n20). After the mea-
M. Takagi et al. / Vision Research 41 (2001) 3331–3344 3333
surement was taken at 30 min, the prism was removed
and the animal viewed binocularly for 5 more min. Eye
alignment was then measured again to look for any
sustained aftereffect.
3. Results
3.1. Context-specific adaptation of smooth pursuit
Context-specific adaptation in motor systems can be
defined as the ability of the brain to use an internal or
external cue to gate in or out a different motor response
to the same sensory stimulus. Contextual clues can be
‘high-level’, based upon mental set and expectation, such
as the inappropriate postural response that occurs even
when looking at the immobile stairs as one steps on an
escalator that is out of service, or ‘low-level’, being more
closely tied to the type of behavior actually being
produced, e.g. eye movements when the context is the
position of the eye in the orbit. As an example, ertical
eye position in the orbit can be trained to be used to gate
different horizontal slow-phase amplitudes in response to
the same horizontal head rotation (Shelhamer, Robinson,
& Tan, 1992), and to gate different horizontal saccade
amplitudes to the same horizontal target displacement
(Clendaniel, Shelhamer, & Roberts, 1999). We looked for
this behavior in smooth pursuit of horizontally-moving
targets in normal human beings using two types of
contextual cues: the color of the target (red or green), and
the vertical eye position in the orbit (up or down 5°). An
increase or decrease in the value of horizontal eye
acceleration during the ‘open-loop’ initiation period of
pursuit, was the learned response (Takagi et al., 2000).
To elicit adaptation we used a double-step of target
velocity. An increase in the pursuit response was called
for in one vertical eye position or with one color target,
and a decrease in the pursuit response was called for in
the other vertical eye position or with the other color
target. Responses were intermixed with random timing
and direction. The average eye acceleration was used in
the first 100 ms of tracking as an index of open-loop
pursuit performance.
The results were clear-cut. When vertical eye position
was the contextual cue, even after just 30 min of training
(about 288 trials) there was a clear differential effect on
pursuit adaptation (Figs. 1 and 2). The amplitude of the
initial pursuit acceleration in the open-loop period could
be made to be relatively higher for one vertical eye
position and relatively lower for the other. This context
effect occurred in spite of the cues not being very
different; only 10° separated the vertical eye positions.
In contrast, the color of the target was ineffective
as a contextual cue for the same period of training.
3.2. Adaptation of the initial ‘open-loop’ portion of
ergence
Vergence eye movements function under the same
limitation as smooth pursuit; the inherent delay in a
closed-loop tracking system leads to a need for a mech-
anism to calibrate the vergence motor response whenever
the vergence stimulus changes its speed or direction. The
motor response must be as fast as possible within the
constraints of the stability required for a closed-loop,
visual feedback tracking system. Semmlow and col-
leagues (recently, Munoz, Semmlow, Yuan, & Alvarez,
1999) have demonstrated such an adaptive mechanism in
vergence eye movements. We have further explored this
adaptive mechanism, for convergence eye movements,
again using the double-step paradigm but in this case,
steps of disparity (Takagi et al., in press).
Fig. 3 shows typical responses from a single subject.
Note in particular that after the training period, the slope
of the initial change in the vergence angle, i.e. vergence
velocity, increases or decreases according to the direction
called for by the training stimulus. Fig. 4 shows averaged
velocity traces from the same subject and again indicates
that the velocity in the open-loop period increased or
decreased in accord with the training paradigm. To
scrutinize further the dynamic characteristics of the
adaptive changes, phase planes were plotted of vergence
angle versus vergence velocity (Fig. 5). Following train-
ing with the increasing paradigm, the time when peak
velocity was reached was usually later than pre-adapta-
tion. In contrast, following training with the decreasing
paradigm there was little change in this time. Note also
that the very initial portion of the vergence response
appeared unchanged with adaptation.
Looking further at the changes in the dynamic prop-
erties of the adaptive responses, the acceleration traces
were examined and it was found that following training
with the increasing paradigm the duration of the accel-
eration phase of the initial vergence response increased
but the value of peak acceleration did not (Fig. 6). On
the other hand, following training with the decreasing
paradigm the peak value of acceleration diminished.
3.3. Binocular control of eye moements and the
cerebellum: changes in static alignment and phoria
adaptation
Binocular eye movement control has recently been
studied in monkeys with lesions in the oculomotor
vermis. Lesions were restricted to the dorsal vermis and
spared the deep cerebellar nuclei. Fig. 7 shows plots of
the horizontal phoria (ocular misalignment with one eye
viewing) before the lesion, in the immediate (first week
or two) post-lesion period and in the late (several
months) post-lesion period for all three monkeys (M1–
M3). Monkeys fixed upon an array of targets located
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across the horizontal and vertical visual field. All three
monkeys developed a relative esophoria (convergent
deviation) after the lesion. The relative esodeviation in
M1 was 1.7° on average over the 25 eye positions. It
persisted even 3 months after the lesion. The pre-lesion
exophoria of about 1.5° for M2 disappeared after the
lesion and then reappeared when tested 4 months later.
M3 developed an increase in its esophoria by about
2.3°; it disappeared in 3 months. In contrast, no ani-
mals developed tropia (ocular misalignment with both
eyes viewing) after the lesion. There were no changes in
vertical alignment (phoria or tropia) after these vermal
lesions.
We also examined ‘phoria adaptation’ in these same
monkeys. Phoria adaptation refers to the realignment
of the eyes (in the absence of immediate availability of
disparity cues) that takes place after a sustained at-
tempt to fuse an imposed disparity, for example, in-
duced by a prism in front of one eye. Phoria adaptation
was tested with the animal wearing a 10 base out,
Fresnel, paste-on displacing prism.
The time course of horizontal phoria adaptation, pre
and post-lesion, is shown in Fig. 8. Plotted are the
phoria before adaptation (0 min), 10, 20, and 30 min
after adaptation, and 5 min after exposure to normal
binocular viewing. In all cases, the monkeys were able
to fuse the disparities induced by the prisms and the
vergence angle with binocular viewing was close to that
predicted from the power of the prisms. Pre-lesion
(open circles), the amount of adaptation showed a
gradual increase during the session. Post-lesion (trian-
gles), phoria adaptation was impaired in M1 and M2
even though they were able to overcome the prism-in-
duced disparity and fuse the images of the target during
the training period. The change in phoria after 30 min
of adaptation following the lesion decreased to 38% for
M1 and 44% for M2. There was no change for M3,
Fig. 1. Representative pursuit traces from a single subject. The initial velocity of the target was leftward 23.3°/s. Downward denotes leftward
movement. The first five and the last five trials during the training session are shown. The left panels are for the decreasing paradigm with the
eyes up 5°, and the right panels are for the increasing paradigm with the eyes down 5°. Top: position traces. Thick solid lines indicate target
movement. Dashed lines indicates what target position would have been if target velocity had not changed. In the decreasing paradigm, by the
end of the training period, the initial acceleration decreased and eye velocity overshot target velocity by a smaller amount (arrow). In the increasing
paradigm, by the end of the training period the initial acceleration increased (arrow). Bottom: velocity traces. The change in initial acceleration
is seen by comparing the slopes of the velocity traces (arrows). Modified from Takagi et al. (in press).
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Fig. 2. Time course of change in initial acceleration from the same data shown in Fig. 1. Left panel is for the decreasing paradigm with the eyes
up 5° and the right panel for the increasing paradigm with the eyes down 5°. On the abscissa is the trial number and on the ordinate is the average
acceleration during the initial 100 ms of pursuit tracking. The dashed line indicates the regression line. In the left panel, average acceleration
gradually decreased; the change during 100 trials based upon the first and last values from the regression line was −14.4%. In the right panel,
average acceleration gradually increased, with the change being 47.1%. Modified from Takagi et al., (2000).
Fig. 3. Representative traces from one subject to show the effect of training on disparity induced vergence with a double-step paradigm. Left
panels are for the increasing paradigm, right panels for the decreasing paradigm. Top panels shows vergence traces from the pre-adaptation
session, bottom traces from the post-adaptation session. Twenty one traces are aligned with reference to the onset of the step of disparity (time
0 indicates target onset). Y-axis indicates the vergence angle (downward defection indicates convergence). Note the difference in the angle of a line
approximating the initial vergence response after training between the increasing paradigm, in which case the line is steeper and the decreasing
response, in which case the line is shallower (arrows).
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Fig. 4. Comparison of velocity profiles between pre- and post-adaptation responses for same subject as in Fig. 3. The thick line reflects average
velocity of 21 traces and the thin lines one S.D. X-axis indicates the time after target jump. Y-axis indicates the vergence velocity (downward
defection indicates convergence). Note that after training peak velocity increased or decreased as expected from the training paradigm.
Fig. 5. Phase-plane trajectories of pre- and post-adaptation averaged vergence responses for same subject as in Fig. 3. X-axis is for vergence angle
(negative defection indicates convergence) and y-axis is for vergence velocity. Following training, for the increasing paradigm, peak velocity was
reached later in the response; for the decreasing paradigm, peak velocity was reached at about the same time (straight arrows). Curved arrows
indicate the direction of eye motion relative to time, with the onset of the eye movements at the right hand axis.
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Fig. 6. Change in averaged vergence acceleration traces in increasing paradigm (left panel) and decreasing paradigm (right panel) for same subject
as in Fig. 3. The thin dark line indicates pre-adaptation and the thick light line indicates post-adaptation. Downward defection indicates
convergence. With the increasing paradigm, the duration of acceleration was extended as indicated by the vertical arrows and for the decreasing
training, the amplitude of acceleration was diminished as indicated by the horizontal arrows.
though its data were not collected until about 2.5
months after the lesion. There were no consistent
changes in vertical phoria adaptation in any monkey.
3.4. Cyclophoria adaptation
In another study related to phoria adaptation we
recently demonstrated a capability for adaptation of the
torsional phoria (Taylor et al., 2000). The main result is
shown in Fig. 9, which shows the results of exposure to
progressively longer cyclodisparities separated by peri-
ods of darkness for two subjects. Incyclodisparities
evoked quite large cyclovergence responses, which de-
cayed in the intervening dark periods, although in the
case of subject c2 there appears to be a proportion of
the cyclovergence response sustained in darkness, par-
ticularly following the thirty second presentation of the
incyclodisparity. Excyclodisparities evoked smaller ver-
gence responses, but these were largely sustained in
darkness (left hand arrows), only correcting on the
reappearance of the zero cyclodisparity stimulus at the
end of the trial (145 s) (right hand arrow).
3.5. Adaptation of the horizontal VOR: cross-coupling
of torsion
A perfect vestibulo-ocular reflex must ensure that in
response to motion of the head, the eye rotates not only
by the correct amount but also around an axis that is
parallel to that of rotation of the head. This require-
ment predicts an adaptive mechanism that looks for
misalignment of the axis of eye rotation and readjusts
the axis as necessary for optimal VOR function. The
adaptive mechanism that maintains correct eye align-
ment during vestibular stimulation has been investi-
gated previously by imposing an artificial error signal
orthogonal to the direction of head rotation, e.g. verti-
cal image motion with horizontal head rotation or vice
versa (e.g. Schultheis & Robinson, 1981; Peng, Baker,
& Peterson, 1994; Fukushima, Sato, Fukushima, &
Kurkin, 2000). Here, one further investigated this
mechanism in normal humans using a roll (torsional)
visual stimulus coupled to horizontal head rotation. We
were particularly interested in the adaptive capabilities
for induction of a cross-coupled torsional response
since the gain for visual following around the roll axis
is much lower than smooth pursuit of targets moving
horizontally or vertically. Furthermore, the detection of
torsional retinal slip requires the analysis of a large
segment of the visual field whereas prolonged horizon-
tal or vertical slip of images on the fovea, and conse-
quent pursuit tracking alone suffice to induce an
adaptive change in the VOR.
Fig. 10 shows the results in one subject during yaw
axis rotation with various combinations of horizontal,
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vertical and torsional visual stimulation. The amount
of torsional response before and after exposure to the
adapting stimulus was compared. Two main results
emerged that were largely consistent among the four
subjects tested. First, there was quite good induction
of cross-coupling of a torsional response when it was
the only requested change (Fig. 10 top, Y–R) though
it was less (by about 50%) than the amount of verti-
cal cross-coupling when vertical cross-coupling alone
was requested. Secondly, there was a much dimin-
ished or absent cross-coupling of torsion when it was
associated with an additional request along another
axis, e.g. to also change the horizontal response (a
decrease in this case) (Fig. 10 middle, −R) or to
induce cross-coupling of a vertical and a torsional
response to yaw axis rotation (Fig. 10 bottom, YP–
R). In both these experiments, however, in spite of
the absence of much torsional adaptation, there was
the appropriate adaptive change in the horizontal
gain (a decrease), or in cross-coupling of vertical
eye rotation. Furthermore, the amount of vertical
cross coupling that developed was independent of
whether or not a torsional cross-coupling was also
requested.
Fig. 7. Horizontal phoria (right eye minus left eye during monocular viewing), pre-, early and late post-lesion in three monkeys. The median values
of the phoria at the 25 different eye position are plotted. Horizontal eye positions of the fixing eye are shown on the bottom axis and vertical eye
positions on the right hand axis. Data were obtained before the lesion, just after lesion (post1; M1: 7 days, M2: 13 days, M3: 4 days after the
lesion), and around three months after the lesion (post2; M1: 91 days, M2: 121 days, M3: 80 days after lesion). Note the relative esophoria that
develops after lesions in the oculomotor vermis.
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Fig. 8. The time course of horizontal phoria adaptation, pre and post-lesion. Results were obtained 30 days post-lesion for monkeys 1 and 2 (M1
and M2), and about 60 days after the lesion for monkey 3 (M3). Animals wore a 10 base out, Fresnel, paste-on displacing prism that covered
the entire visual field of one eye. Measures of the phoria (right eye minus left eye under monocular viewing) were made before wearing the prism
(0 min), at 10-min intervals up to 30 min, and then 5 min after binocular vision without the prism. Pre-lesion (open circles), the amount of
adaptation showed a gradual increase during the session. Post-lesion (triangles), phoria adaptation was impaired in M1 and M2. The change in
phoria after 30 min of adaptation following the lesion decreased to 38% for M1 and 44% for M2.
4. Discussion
The physiological mechanisms underlying ocular mo-
tor learning have been of considerable scientific interest
the past several decades though knowledge of the
anatomical site(s) and the precise nature of the error
signals that drive ocular motor adaptation has been
illusive (recently, e.g. Averbuch-Heller, Lewis, & Zee,
1999; Bahcall & Kowler, 2000; Raymond & Lisberger,
2000; Shafer, Noto, & Fuchs, 2000). Here the results
are discussed looking at a number of types of adaptive
capabilities, many of which have potential implications
for clinical diagnosis and anatomical localization.
4.1. Context-specific adaptation of smooth pursuit
An adaptive mechanism for optimizing smooth pur-
suit has been demonstrated both in humans (e.g.
Fukushima, Tanaka, Suzuki, Fushima, & Yoshida,
1996; Scheuerer, Ditterich, & Straube, 1999) and in
monkeys (Kahlon & Lisberger, 1996; Takagi et al.,
2000). Such a mechanism optimizes performance so
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that the eyes are brought to the target as quickly as
possible and kept there, but without any motor instabil-
ity or oscillations (to which feedback control systems
with time delays are prone) that would interfere with
visual acuity.
In the experiments reported here, we have shown, as
has been demonstrated previously for other types of eye
movements, that pursuit can also undergo context-spe-
cific adaptation. Vertical eye position was an effective
cue for gating horizontal pursuit adaptive responses.
The findings, however, raise issues about mechanisms.
Why was eye position but not target color the effective
cue? It may be that eye position is more naturally
related to adaptive processes in the control of eye
movements; as an example, adaptation to ocular muscle
weakness must be tailored to orbital position because
of inherent nonlinearities in the mechanical properties
of orbital tissues (e.g. Optican, Zee, & Chu, 1985). In
the experiment here, however, the change in eye posi-
tion cue was orthogonal (vertical) to the direction of
action of the muscles (horizontal) that mediated the
adapted response. This seeming paradox may relate to
the fact that most naturally-occurring eye movements
are oblique, containing both horizontal and vertical
components, and involve changes in the activity of all
six muscles. Furthermore, a change in vertical eye
position might modify the pulling directions of the
horizontal muscles, making it necessary for adaptive
mechanisms to ‘know’ vertical eye position when pro-
gramming horizontal movements. Color, on the other
hand, has no innate property that ties it to the lower-
level motor machinery generating eye movements.
Hence, if color were to be a contextual cue, it probably
would require higher-level mechanisms and perhaps a
much longer period of training. Nevertheless, there are
other sensory inputs that are independent of eye posi-
tion, such as head position, that can be used as contex-
tual cues for gating adaptive responses. In these
circumstances, though, there is a natural direct link
between the sensory stimulus and a specific pattern of
eye movement response. This is not the case for color.
What is the anatomical substrate for adaptation of
the open-loop response of pursuit, in general, and
context-specific learning of this response, in particular?
Fig. 9. Changes in cyclovergence with progressively longer periods of cyclodisparity separated by periods in darkness (Details of the experimental
protocol are in Taylor, Roberts, & Zee, 2000). Cyclovergence (continuous line) and stimulus cyclodisparity (broken line); (°) against time (s).
Incyclodisparities (incy, upper two traces) and excyclodisparities (excy, lower two traces). Periods without stimulus trace represent darkness.
Cyclovergence relative to level at time zero (onset of first cyclodisparity). Persistent cyclovergence in darkness (left arrows) implies cyclophoria
adaptation. When the lights are turned on with the zero disparity stimulus at the end of the trial, phoria returns to its initial value (right arrow)
(modified from Taylor, Roberts, & Zee, 2000).
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Fig. 10. Torsional eye velocity for one subject before (thin line) and
after (bold line) cross-axis adaptation. The average over 10–16 cycles
is shown. In Y–R, (horizontal head rotation with an earth-fixed
horizontal image (calling for no change in the horizontal VOR) and
out of phase (−R) roll stimulation), there was a substantial change
in the amount of torsional eye velocity after training (top). In −R
(which calls for torsion and a decrease (X0 viewing) in the gain of the
horizontal VOR), there was much less cross-coupling of torsion after
training (middle). Similarly, when cross-coupling of both vertical and
torsional eye motion was called for there was little change in torsion
(bottom), but there was a substantial change in vertical eye motion
(not shown). Note that even before training there was some torsional
eye velocity during rotation around the yaw axis. This pre-adaptation
cross-coupling likely reflects the fact that for most human subjects
Listing’s plane is not exactly coincident with the plane that is
orthogonal to the line of sight of the subject when fixing upon a
target in the straight-ahead, reference (0, 0) eye position.
correct learned motor response. Whether or not the
cerebellum is truly important for context-specific learn-
ing remains to be demonstrated, though it has been
shown already that patients with cerebellar disease may
have a dissociation in the pattern of saccadic dysmetria
depending upon the type of saccade (reflexive, visually-
triggered to a novel, suddenly-appearing target versus
voluntary, self-generated to always visible, known
targets (Straube, Deubel, Spuler, & Bu¨ttner, 1995)).
Certainly a number of other brain areas may be impor-
tant for context-specific learning (e.g. Gancarz &
Grossberg, 1999).
4.2. Adaptation of disparity-induced ergence
Overall, the results confirm the finding of Munoz et
al. (1999) that the initial portion of the vergence re-
sponse can undergo adaptive recalibration. It was also
found that adaptation is accompanied by a change in
the dynamic properties of the vergence response, not
just a change in the mapping of the amplitude of the
preprogrammed movement to the amplitude of a given
disparity. Furthermore, we found differences in the
pattern of change between the increasing and the de-
creasing training paradigms. The former was accom-
plished largely by an increased duration of the
acceleration period, the latter largely by a decrease in
the value of peak acceleration. This is a similar pattern
to what has been reported for adaptation of saccade
amplitude and for adaptation of pursuit velocity in the
initial ‘open-loop’ period of smooth tracking (Takagi et
al., 1998; Takagi et al., 2000; Scudder, 1998).
The anatomical structures within the brain that medi-
ate adaptation of the open-loop portion of disparity-in-
duced vergence are not known, but it is attractive to
speculate that like for pursuit and saccades, the ‘oculo-
motor vermis’ and its underlying projection site, the
posterior portion of the fastigial nucleus (the ‘fastigial
oculomotor region’) are involved (Gamlin, 1999). The
oculomotor vermis has access to disparity signals, and
vergence-related activity is also found in the portions of
the pons that relay information to the oculomotor
vermis. The abnormalities in adaptive control of dispar-
ity-induced changes in static eye alignment shown by
the experimentally-lesioned monkeys (discussed below)
certainly makes it plausible that the oculomotor vermis
also functions in the adaptive control of the dynamic
performance of vergence.
4.3. Disturbances of binocular alignment after lesions in
the oculomotor ermis
All three of the monkeys with lesions in the oculomo-
tor vermis developed a distinctive pattern of change in
horizontal eye alignment in the absence of disparity
cues, a relative esodeviation compared to their pre-le-
It has been shown previously that monkeys with exper-
imental lesions that are confined to the cerebellar ‘ocu-
lomotor vermis’ (roughly lobules VI and VII) show
abnormalities in the acquisition of pursuit adaptation
using the same type of adaptive stimulus described here
(double step of velocity) though we did not ask the
animal to learn more than one adaptive response to be
gated in by context (Takagi et al., 2000). The same
animals showed defects in saccade adaptation using the
traditional double step of position training paradigm.
It seems plausible that the cerebellar vermis might
also be critical for mediating context-specific learning,
especially when a variable like eye position is the cue.
The cerebellum has rich sources of afferent and efferent
copy information about ocular motor performance rel-
ative to various sensory cues, and appears ideally
poised to participate in context-specific learning by
recognizing contexts and then gating in or out the
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sion alignment or ‘phoria’. Human beings with cerebel-
lar lesions also develop changes in ocular alignment
(Versino, Hurko, & Zee, 1996). The most common
patterns are an esodeviation that becomes greater when
viewing targets at distance (simulating a ‘divergence
paralysis’) and a ‘skew deviation’ (vertical misalignment
not attributable to a peripheral ocular muscle palsy) that
changes its sense on right and left gaze. Usually the
abducting eye becomes relatively higher than the adduct-
ing eye. Thus, the results in our monkeys with dorsal
vermis lesions suggest that the esodeviation typically
shown by humans with cerebellar disease reflects in-
volvement of the dorsal ‘oculomotor’ vermis.
It was also noted that the monkeys did not show a
disorder of vertical alignment, which is seen frequently
in human patients with cerebellar disease. It may be that
the skew deviations that occur with cerebellar disease
arise from lesions in the vestibulocerebellum, and the
nodulus in particular which appears to use otolith
information in generating orienting reflexes of the eyes
during low-frequency vestibular stimulation, e.g. OVAR
or off vertical axis rotation (Liesch & Simonsz, 1993;
Zee, 1996; Leigh & Zee, 1999; Sheliga, Yakushin, Silvers,
Raphan, & Cohen, 1999).
Two of the lesioned monkeys not only showed a
change in static alignment but also an inability to adapt
their basic ocular alignment in the absence of disparity
cues — the phoria — in response to wearing a displac-
ing prism in front of one eye. The monkey that showed
no change in phoria adaptation did not have its capabil-
ity measured until very late after the lesion, about 2.5
months. Hence, any deficit in phoria adaptation may
have recovered by that time. One caveat should be kept
in mind. For one monkey (M1, Fig. 8) some of the
decrease in phoria adaptation post-lesion could have
been because there was a larger initial esophoria post-le-
sion. If there were a limit to the final level of esophoria
that could develop during the prism adaptation period,
then the amount of phoria adaptation post-lesion would
be less due to a ceiling effect. This was not the case for
M2, however, since the initial value of the esophoria
post-lesion was not that different from the value pre-le-
sion.
A role for the cerebellum in phoria adaptation is
unsettled. Judge (1987) studied monkeys after they had
undergone removal of the flocculus and paraflocculus
and found a normal range of phoria adaptation to a
displacing prism. No pre-lesion data was available,
however. Hain and Luebke (1990) and Milder and
Reinecke (1983) studied human patients with cerebellar
lesions and came to opposite conclusions about whether
or not the cerebellum was involved in phoria adaptation.
In the study of Hain and Luebke (1990) adaptation was
only elicited with base-out prisms and the patients who
showed abnormalities had additional extracerebellar le-
sions. In the study of Milder and Reinecke (1983)
responses to both base-in and base-out prism were
studied but in a smaller group of patients. They found
some abnormality in all their patients, but some may
have also had lesions outside the cerebellum.
To epitomize, the monkeys with lesions of the dorsal
cerebellar vermis showed defects not only in ‘open-loop’
behavior of conjugate eye movements (saccades and the
initial component of pursuit) but also in ‘open-loop’
behavior related to static eye alignment. In this case the
abnormality is reflected in alignment disturbances in the
absence of the visual cue — disparity — that normally
serves as the visual error signal for vergence.
4.4. Cyclophoria adaptation
Unlike the control of vertical and horizontal align-
ment, adaptation of torsional eye alignment — cy-
clophoria adaptation — has been little studied. We
(Taylor et al., 2000), and Maxwell and Schor (1999),
using different durations and patterns of cyclodisparity
stimulation, have shown that the cyclophoria indeed is
under adaptive control. Of particular note in our study
is that we found a more persistent cyclovergence after-ef-
fect in darkness following sustained excyclovergence
rather than incyclovergence. This difference might reflect
the fact that the immediate, visually-driven cyclover-
gence response to excyclodisparities was less robust
compared to the immediate response to incyclodispari-
ties. Thus, a more robust excylophoria adaptation mech-
anism would be more necessary to maintain torsional eye
alignment.
The presence of phoria adaptation in the cyclover-
gence system is consistent with the finding that cyclover-
gence is tightly controlled in normal subjects (Van Rign,
Van der Steen, & Collewijn, 1994). While torsional
‘diplopia’ — which little affects foveal function — does
not present the same degree of subjective disturbance of
binocular vision as does horizontal or vertical diplopia,
torsional misalignment still can have perceptual conse-
quences for the localization and orientation of objects
(e.g. the perception of slant) (Howard & Kaneko, 1994).
The error signal or signals that drive torsional phoria
adaptation (cyclodisparity, monitoring of cyclovergence,
or both), its relationship to vertical phoria adaptation,
and its anatomical and physiological substrate remain to
be determined. The practical implications of torsional
phoria adaptation for the diagnosis, and for the medical
and surgical management of patients with disorders of
torsional alignment, e.g. superior oblique palsies, also
remain to be discovered (Sharma, Prasad, & Khokhar,
1999).
4.5. Cross-coupling of torsion in the horizontal VOR
The findings in the vestibular cross-coupling experi-
ment were clear. Subjects developed a roll (torsional)
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component of the eyes in response to a rotation of the
head around the yaw axis of the VOR. Thus, like
horizontal and vertical cross-coupling (e.g. Schultheis &
Robinson, 1981; Peng, Baker, & Peterson, 1994;
Fukushima, Sato, Fukushima, & Kurkin, 2000), there is
cross-axis adaptation for torsion. There were several
notable features to the cross-coupled torsional response.
First, the amplitude of the torsional response was always
less — on average by about 50% — than the amount
of vertical cross-coupling that was produced when the
adaptive stimulus was vertical. This may relate to the
different nature of the visual-following response to a roll
stimulus (which is relatively weak and depends upon the
amount of peripheral field stimulated) compared to a
vertical stimulus (which is relatively strong and depends
primarily upon foveal stimulation). In fact, the gain for
visual-following of the roll stimulus during the cross-axis
training was quite low (0.2). Secondly, when a change
along more than one axis of rotation was called for, e.g.
a decrease in gain of the horizontal VOR and torsional
cross-coupling, or cross-coupling of both vertical and
torsion into the horizontal VOR, there was little or no
adaptation of torsion. This decrease in torsional adapta-
tion may reflect the fact that more complex adaptive
changes, involving multiple pairs of eye muscles, require
more complex changes in the brainstem networks (‘ma-
trices’) that define the correct synaptic weights in vestibu-
lar-ocular muscle pathways. Hence, the adaptive
mechanism may require more time to find the correct
combination of synaptic weights necessary for the desired
VOR. Why torsional adaptation seems to be affected by
complexity is not clear, though overall its adaptive
capability seems less robust than horizontal or vertical
adaptation.
The clinical manifestation of a disordered cross-axis
adaptation mechanism is the development of a ‘per-
verted’ nystagmus, such that slow phases of nystagmus
have a component that is in the wrong direction relative
to the stimulus. Relatively small degrees of misalignment
of the axis of eye rotation during head rotation occur in
patients with lesions in the labyrinth (Aw, Halmagyi,
Haslwanter, Curthoys, Yavor, & Todd, 1996), but inap-
propriate cross-coupling of a prominent degree usually
indicates cerebellar disease (FitzGibbon, Calvert, Zee,
Dieterich, & Brandt, 1996; Walker & Zee, 1999). Most
obvious on clinical examination at the bedside is an
inappropriate upward slow-phase component in re-
sponse to rotation around the yaw axis, but when eye
movements are measured in such patients they also show
inappropriate torsional components. Animal experimen-
tation suggests that the mechanism for cross-axis adap-
tation depends upon the vestibulocerebellum (Schultheis
& Robinson, 1981).
In sum, a number of mechanisms of adaptive control
of eye movements have been discussed that have impor-
tant implications for eye movements and vision in the
natural world of patients with neuroophthalmologic and
strabismic disorders. This work derives from the many
landmark contributions of Professor Collewijn and his
colleagues.
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